Hierarchically porous materials are useful materials because characteristics of pores in various length scales (e.g., micro-, meso-, and macropores) can synergistically be integrated in a material. In this review, preparation of hierarchically porous materials by templating methods is summarized from the viewpoint of flexibilities of colloidal particles and colloidal assemblies as building blocks and templates, respectively. Low-dimensional colloidal particles, such as nanosheets and nanotubes, are used as flexible building blocks to form three-dimensional networks on templates with few defects. Because such colloidal particles can have interand intraparticle pores, their assembly on templates is effective to form pores in various length scales. Colloidal crystals, assemblies of uniform colloidal particles, have been used as templates of macroporous and hierarchically porous materials. Recently, the use of colloidal crystals as flexible templates is reported and attracts much attention. A stress due to confined growth of gold within the interstices of the colloidal crystals causes their structural changes, retaining their periodic structure, which direct one-or two-dimensional growth of gold. It is regarded as a novel concept for the preparation of hierarchical nanostructured materials with high crystallinity. The utilization of flexibilities of colloidal particles and colloidal assemblies is promising for the creation of hierarchically porous materials with unique nanostructures.
Introduction
The design of nanospace in inorganic porous materials is one of the most important issues in materials chemistry. Inorganic porous materials are applicable in many fields, including catalysis, 1) adsorption, 2) separation, 3) chromatography, 4) sensors, 5) supercapacitors, 6) energy storage, 7) drug delivery systems, 8) and so on, because of their high surface area, size selective inclusion of guest molecules, storage, controlled release, and low dielectric constants. The size and geometry of nanospace have significant effects on these properties. Therefore, various inorganic porous materials have been prepared up to date.
Because the functions of inorganic materials are highly dependent on the size of nanospace, the hierarchical integration of nanospace with different sizes is quite effective for the improvement of inorganic porous materials. Generally, hierarchical structures are defined as order-in-order structures in which a nanostructure with small periodicity is embedded in the framework of another nanostructure with larger periodicity. For example, a macroporous material possessing mesopores in the macropore walls, a mesoporous sphere with hollow interior, and a mesoporous material with crystalline framework can be classified as hierarchically structured materials (Fig. 1) . Micro-and mesopores as small as molecules/macromolecules tends to show good catalytic and separation properties, whereas diffusion of molecules/macromolecules in such pores is quite slow and pores are easily plugged due to solid by-products. Introduction of larger pores into micro-and mesoporous materials can increase diffusivity of molecules and make many entrance of micro-and mesopores for high accessibility. For example, introduction of mesopores into microporous zeolites improves diffusivity of substrate 9) and catalytic lifetime. 10) Silica monoliths possessing micrometer-sized through pores and 220 nm mesopores show quite high separation efficiency. 11) On the other hand, crystallization of the frameworks of mesoand macroporous materials is also important for better functions. Many of the meso-and macroporous materials are prepared by templating methods. Amorphous oxide is formed in the pore walls by the solgel process at low temperature. However, such amorphous frameworks are often undesired as acidic, electronic, magnetic, and optical materials. Accordingly, crystallization of the frameworks of meso-and macroporous materials have widely been investigated. For example, mesoporous TiO 2 with a crystalline framework 12) shows higher photocatalytic activity 13) and is useful as an electrode for dye-sensitized solar cells. 14) Mesoporous Ta 2 O 5 with crystalline walls show high activity for photocatalytic water splitting. 15) Because the shrinkage of metal oxide frameworks by crystallization at high temperature causes destruction of mesostructures, several researchers reinforced the frameworks with stable block copolymer template, 16) siloxane materials, 17) and carbon. 18) Fig. 1. Structural models of (a) a macroporous material possessing mesopores in the macropore walls, (b) a mesoporous sphere with hollow interior, and (c) a mesoporous material with crystalline framework.
In principle, mismatch between nanostructures in different scales is one of the most serious problems to control hierarchical structures of inorganic porous materials. To overcome this problem, utilization of flexibility in inorganic materials is promising. Although most inorganic materials are rigid, colloidal particles with low-dimensional morphologies, such as nanofibers, nanotubes, and nanosheets, tend to be flexible. On the other hand, assemblies of colloidal particles can also be regarded as flexible materials because their arrangement can be changed by external force. Here, this review focuses on the usefulness of flexible colloidal particles and assemblies for the design of hierarchically porous materials.
Dual-templating method using colloidal templates
Inorganic porous materials with highly ordered porous geometry can be prepared by templating methods, using soft templates (molecular assembly, such as surfactants and block copolymers) and hard templates (nanostructured solids, such as mesoporous silica, mesoporous carbon, colloidal silica, and latex particles). The combination of templates (dual templates) is the most straightforward concept for the preparation of hierarchically porous materials. The sizes of the templates depend on the systems. Typically, the small ones provide micro-(<2 nm) or mesopores (250 nm) and the large ones provide macropores (>50 nm). To combine small and large templates hierarchically, one of the most important factor is the stability of the templates. 19 )21) Soft templates are more controllable than hard templates, whereas they are relatively less stable when additives are used. Hard templates are frequently used as the large template. Also, it is important to use relatively flexible templates as the small templates, for which soft templates are suitable. In this section, the dual-templating approach is summarized from the viewpoint of the flexibility of the templates.
As the hard templates of macropores, colloidal crystals are very useful. Colloidal crystals consist of periodically arranged monodispersed spherical colloidal particles [e.g., colloidal silica, polystyrene (PS) particles, and poly(methyl metacrylate) (PMMA) particles], and they are analogues of natural opals. Their preparation is quite facile (e.g., solvent evaporation, 22) filtration, 23) centrifugation, 24) and vertical deposition method 25),26) ). After the deposition of inorganic macropore walls by various methods (e.g., solgel method, 23) , 24) hydrothermal reaction, 27) coprecipitation, 28) infiltration of inorganic nanoparticles, 29) , 30) and electric plating 31) ), the templates can be removed by calcination, solvent extraction, and chemical etching. 36) have been reported. By using dual-templates consisting of PS colloidal crystals and surfactants, hierarchically porous oxides with meso-and macropores were obtained. Stucky et al. have used dual templates consisting of PS particles and block copolymer templates, such as Pluronic F127 and P123.
37) The patterning of the dual-templates in larger scale was achieved by the soft-lithography technique. 38) The pore walls were prepared by solgel method of silica, titania, and niobia. As a result, the final product had three levels of pores which are mesopores due to assembly of the block copolymers, macropores (³10 nm) due to colloidal particles (³100 nm), and the patterned textures (³1000 nm). This method was also applied for carbon, 39) metals, 40) and mesostructured hybrids. 41) Dualtemplates consisting of silica nanoparticles and PS particles were also applied for the fabrication of hierarchically porous carbon.
42)
The author and co-workers have also prepared a dual-template by combining a colloidal crystal consisting of silica nanoparticles whose diameter is ca. 30 nm and a block copolymer Pluronic P123. 43) Hierarchically porous platinum with small and large mesopores were obtained by the reduction of H 2 PtCl 6 in the dualtemplate, followed by the template removal using hydrofluoric acid. The silica nanoparticles were synthesized by the hydrolysis of tetraethoxysilane (TEOS) in water in the presence of L-lysine as a catalyst according to the literature by Yokoi et al. 44) , 45) This method provides monodispersed colloidal silica whose size is ca. 12 nm and larger. The monodispersed silica nanoparticles assembled into a colloidal crystal simply by solvent evaporation. The colloidal crystal was used as a template of large mesopores ca. 30 nm in diameter. The other template, block copolymer P123, was used for the control of the crystal growth of platinum. P123 is usually used as a liquid crystalline template to generate mesopores in the templating syntheses, whereas it does not form a liquid crystal within a confined nanospace among silica nanoparticles. Because the block copolymer has also been used as a surface stabilizer of platinum nanoparticles, 46) platinum was deposited to be nanoparticles 24 nm in diameter. Aggregated P123 worked as a spacer among the platinum nanoparticles. As a result, the final product has periodically arranged large mesopores ca. 30 nm in diameter and mesoporous pore walls whose pore diameter is ca. 5 nm (Fig. 2) . Such a hierarchically porous platinum has the BET-equivalent specific surface area as high as 70 m 2 /g, which is promising for a catalyst with high activity and diffusivity of guest molecules.
3DOM materials are also used as templates of hierarchically porous materials. Stein et al. have deposited zeolites in 3DOM carbon to provide periodically arranged spherical zeolite particles, which have meso/macropores among the particles, enhancing the diffusivity of guest molecules. 47) , 48) This strategy was also applicable for zeolite nanoparticles in three-dimensionally ordered mesoporous (3DOm) carbon. 49) Such hierarchical materials could be disassembled into individual particles to form a homogeneous suspension. 50) 3. Use of colloidal particles as flexible building blocks
The building block approach is one of the most useful concepts to construct hierarchically porous structures. Small colloidal particles with internal micro and/or mesopores are used as building blocks of hierarchical porous materials. Assembly of porous nanoparticles 51),52) is a simple and useful way to construct hierarchically porous structures. Building blocks are assembled on sacrificial templates, such as latex particles, colloidal silicas, to form structures with large periodicity. After the removal of the templates, hierarchically porous materials are obtained.
Layer-by-layer technique is a powerful tool to assemble colloidal building blocks on various substrates. 53),54) Positively and negatively charged polyelectrolytes and/or colloids are alternately adsorbed on a charged substrate. Because all of the charges of polyelectrolytes and/or colloids can not be used for charge compensation of the substrate, excess amount of the objects are usually adsorbed, which causes charge reversal. Thus, oppositely charged objects can be assembled in a multilayer.
When colloidal building blocks are assembled on latex particles, the building blocks form a two-dimensional layer on the template. Because such a thin layer of colloidal assembly is fragile the layer-by-layer technique is necessary. Colloidal building blocks with surface charge and oppositely charged polyelectrolytes are alternately deposited on templates to form a multilayer, in which the building blocks form three-dimensionally connected robust frameworks. Mann et al. have reported hierarchical micro-and macroporous zeolite by the layer-by-layer assembly of colloidal zeolite nanocrystals and poly(diallyldimethylammonium) chloride on polystyrene (PS) latex particles. 55) Valtchev has combined the layer-by-layer technique and hydrothermal reaction to achieve more rigid intergrown zeolite framework in the macropore wall of the hierarchical structure. 56) It is difficult to form a continuous three-dimensional networks with few defects, using spherical/sphere-like particles as building blocks because the number of their contacts are quite small. Lowdimensional colloidal particles are therefore promising as flexible building blocks. Flexible building blocks can wrap templates smoothly and such building blocks can have much more contacts one another than spherical/sphere-like building blocks.
Nanosheets
Nanosheets are useful building blocks of hierarchically porous materials. Various layered materials, such as smectite, 57) zirconium phosphate, 58) titanate, 59 ) manganese oxide, 60) layered perovskite, 61) and layered double hydroxide 62),63) can be exfoliated to form nanosheets which have bulk size (several hundreds of nanometer to micrometer) along the lateral direction and atomic scale thickness. Although nanosheet itself has no porosity, Sasaki et al. reported the formation of micro-and mesopores between nanosheets by pillaring them with aluminum Keggin ions.
64) The layer-by-layer assembly of titanate nanosheet and aluminum Keggin ions on a poly(methyl methacrylate) particle, followed by the removal of templates at elevated temperatures provided a micro-, meso-, and macroporous hierarchical structure.
The flexibility of nanosheets enables their morphological transformation into nanotubes (nanoscrolls). The nanotubes possess mesopores inside the tubular structure and layered structure within the tubular wall, which can be regarded as a layered mesoporous hierarchical structure. Various layered oxides, such as titanate, 65) niobate, 66) zinc oxide, 67) tungsten oxide, 68) and kaolinite, 69) have been reported to be nanoscrolls. Although nanoscrolls are formed by hydrothermal reactions in many cases, limited examples of nanoscrolls (e.g., niobate nanoscroll 66) ) are formed from the corresponding nanosheets in a mild condition. Nanoscrolls are useful also as mesoporous materials with crystalline pore walls. Mallouk et al. investigated the thermal transformation of niobate nanoscrolls into crystalline Nb 2 O 5 nanotubes.
70) The obtained Nb 2 O 5 nanotube has polycrystalline pore wall, and its (001) plane tends to be oriented parallel to the tube axis.
The driving force for the scrolling is usually asymmetric surface tension of a nanosheet. Layered niobate 66) and kaolinite, 69) which have asymmetric crystal structures in the layers, spontaneously form nanoscrolls upon exfoliation. In the case of structurally symmetric nanosheets, the difference in the adsorbed ions on both surfaces, 49) and decrease in the surface energy of a nanosheet by scrolling 68) are also proposed as the driving force. Kaolinite, a clay mineral, has unique asymmetric 1:1 layer structure consisting of SiO 4 tetrahedral sheet and AlO 4 (OH) 2 octahedral sheet. Because the ideal lattice constants of the tetrahedral and octahedral sheets are different, the layer has a structural misfit. Kaolinite layer has strong tendency to form a nanoscroll. Such a nanoscroll is also known as halloysite in nature.
71) The scrolling direction is usually along b reflecting the misfit of kaolinite layer.
69),72)
Several researchers have succeeded in exfoliating kaolinite layers and their spontaneous transformation into nanoscrolls. Singh and Mackinnon have intercalated kaolinite with potassium acetate, and the layers were exfoliated to form nanoscrolls by repeatedly washing. 69) Gardolinski and Lagaly have reported the modification of interlayer surfaces of kaolinite with bulky alkoxy groups. 74 ),75) The interlayer-modified kaolinite was intercalated with alkylamines. Washing with toluene caused exfoliation and spontaneous scrolling of kaolinite layers. The author and coworkers also used simple methoxy-modified kaolinite which were transformed into nanoscrolls by intercalation of several alkylamines and subsequent washing. 76) Interestingly, when cetyltrimethylammonium chloride was intercalated in the methoxy-modified kaolinite, the kaolinite layer was transformed into nanoscrolls in one step (Fig. 3) . The cationic surfactant was suggested to be intercalated together with its counter anion. Such a bulky molecule probably weakened the interlayer interactions. Yuan et al. have reported the exfoliation and transformation into nanoscrolls is the most efficient at 80°C. 77) The formation of nanoscroll is a facile way to prepare hierarchical structures which consist of a cylindrical mesopore surrounded by crystalline pore walls and/or layered structures. Owing to their crystalline pore walls, niobate nanotubes modified with tris(2,2B-bipyridyl)ruthenium(II) cation were used for dyesensitized hydrogen production 78) and titanate nanotubes decorated with AgAgX (X = Cl, Br, and I) have been used for fast removal of organic pollutant.
79) The cylindrical nanospace was used for supporting nanoparticles and adsorption of the pollutants. Crystalline titanate pore wall is required for photocatalytic decomposition of organic components. The utilization of layered nanospace for intercalation of various organic molecules has been reported, whereas these studies were not intended for practical applications. The efficient use of the layered nanospace is an important issue for future studies. 
Nanotubes
The use of nanotubes as building blocks is one of the most straightforward approaches for the construction of hierarchically porous materials because of the following reasons. Nanotubes can be regarded as the minimum unit of a porous material. They form three-dimensional networks like polymers. They can form additional pores among intertwined nanotubes and/or among bundles. The inner and outer surfaces can be modified independently in some cases. 80) To utilize nanotubes as building blocks, the flexibility of nanotubes is very important. Several nanotubes with quite high aspect ratio and thin tubular wall (e.g. carbon nanotubes) are suitable as flexible building blocks of hierarchically porous materials.
Carbon nanotubes were utilized as building blocks of hierarchically structured materials. Correa-Duarte et al. have used oxidized single-wall carbon nanotubes (SWNT) which have surface negative charge due to carboxylic groups. 81) The oxidized SWNT and polyelectrolytes were deposited on colloidal templates (SiO 2 , PS, and melamine) layer-by-layer. After the removal of templates by extraction or chemical etching, three-dimensionally ordered macroporous materials and hollow spheres were obtained by replicating colloidal templates. The macropore walls consist of microporous SWNTs, and the products possess hierarchical micro-and macroporosities with hydrophobic surfaces. Such a method is also applicable for multi-wall carbon nanotubes (MWNT). 82) To provide hydrophilic surfaces, the author and co-workers focused on the use of imogolite, a naturally occurring clay mineral nanotube whose inner diameter is ca. 1 nm and the outer diameter is ca 2 nm (Fig. 4) .
83)85) Imogolite has bimodal microand mesopores inside the nanotube and among the bundles, respectively. Owing to its quite high aspect ratio, it can be used as a flexible building block to form various assemblies, such as hydrogels, films, and fibers.
84) The inner and outer surfaces of imogolite are covered with silanol and aluminol groups, respectively, which provides highly hydrophilic surfaces. By utilizing strong interactions between aluminol and organophosphonic acids, the outer surface of imogolite is selectively modified with organic groups. 86) The author and co-workers have used an imogolite nanotube as a building block of hierarchically porous materials for the first time. 87) Because synthetic imogolite is highly dispersed in water when it is synthesized in a dilute solution, the dispersion of imogolite nanotubes was dip-coated on the film of a colloidal crystal consisting of monodispersed PS particles (particle size: ca. 820 nm). Imogolite nanotubes interpenetrated into the interstices of the PS particles to form three-dimensional networks. After the removal of templates by calcination or extraction with toluene, three-dimensionally ordered macroporous films composed of imogolite nanotubes were obtained [ Fig. 5(a) ]. As the micro-and mesoporosities of imogolite were retained even after the calcination or extraction, the films were hierarchical micro-, meso-, and macroporous materials.
Because the surface aluminol groups of imogolite nanotubes are protonated under acidic conditions, 88) imogolite nanotubes can be used as macrocations. Imogolite nanotubes and poly-(sodium 4-styrenesufonate) (PSS) were deposited layer-by-layer on the surface of PS particles to form coreshell particles. 89) Hierarchically porous hollow spheres can be obtained by subsequent removal of templates [ Fig. 5(b) ]. The techniques to assemble polyelectrolytes are applicable also for imogolite nanotubes.
Interestingly, the DTA curves of the coreshell particles show exothermic peaks due to oxidative decomposition of PS under air flow. Bare PS particles mostly show endothermic peaks due to depolymerization. 90) The oxidative decomposition of PS at relatively low temperature (400°C) formed carbonaceous materials on the remaining imogolite shells, the obtained material is consequently a composite of dehydroxylated imogolite and carbonaceous materials, showing much higher BET specific surface area (500 m 2 /g) than that of the hollow spheres composed of dehydroxylated imogolite (290 m 2 /g). The pores in dehydroxylated imogolite and carbonaceous materials provide hydrophobic and hydrophilic environments, respectively. Such a change of the decomposition behavior is possibly due to catalytic activity of imogolite and/or confinement effect to suppress the diffusion of decomposed products from the composite materials.
The control of mesopores formed among intertwined nanotubes and/or among bundles is also important. Dispersed imogolite nanotubes were mixed with an aqueous solution of PSS to form a composite gel [ Fig. 5(c) ].
91) The composite was heated at 400°C under air condition. The N 2 adsorption analysis of the heated composite shows additional mesopores 36 nm Kuroda: Effective use of flexible low-dimensional colloidal particles and colloidal crystals for the control of hierarchically porous materials JCS-Japan in diameter, whereas heated conventional imogolite forming ordered bundles showed mesopores 24 nm in diameter. Moreover, the heated composite indicated much higher BET specific surface area (355 m 2 /g) than that of the heated conventional imogolite (209 m 2 /g). These changes in the mesoporosity are probably due to the expansion of intertubular mesopores of imogolite nanotubes caused by random aggregation with PSS in the molecular scale.
The surface charge of imogolite nanotubes is also useful for their modification. When dispersed imogolite nanotubes are mixed with carboxylate-modified gold nanoparticles (c-AuNP), c-AuNP is adsorbed on the surface of imogolite nanotubes, retaining their dispersibility in water [ Fig. 5(d)] . 92) Imogolite c-AuNP composites can also be used as building blocks of hierarchically porous materials. The imogolitec-AuNP composites were assembled into self-standing films and hollow spheres, which showed strong absorption due to localized surface plasmon resonance of AuNPs.
Use of colloidal crystals as flexible templates
To obtain hierarchically porous materials with highly crystalline frameworks, the control of crystal growth is important. For example, various mesoporous metals with crystalline frameworks have been reported. 93) When gold is deposited within mesopores of a mesoporous silica film whose mesopores are aligned parallel to the substrate, the rapid crystal growth of gold caused partial destruction of the film. 94) Strains in rigid mesoporous silica may be the reason for the destruction. To avoid such strains, introduction of flexibility into hard-templates is promising. A colloidal crystal is a potential candidate of hard-templates with flexibility. When external force is applied, the colloidal particles can collectively move in their assemblies, retaining their local periodicities. In this section, recent works for the use of colloidal crystals as flexible templates of nanostructured gold with a crystalline framework are summarized.
Xia et al. have used periodically arranged iron nanoparticles as templates of gold multipods. 95) They added a chloroform solution of [AuCl(OLA)] complex (OLA = oleylamine) on an assembled Fe nanoparticles. Metallic gold was generated through the galvanic replacement reaction with iron. Gold evolves into multipods among iron nanoparticles, which increases the distance between iron nanoparticles. The iron lattice falls apart finally. Such a flexible reaction field provided by iron nanoparticles can modify the growth direction of gold.
The author and a co-worker found another example showing collective motion of colloidal crystals during templating processes. 96) A colloidal crystal consisting of silica nanoparticles ca. 40 nm in diameter was used as a template. The nanoparticles were arranged in a face-centered cubic (fcc) lattice. The colloidal crystal was used as a template of nanostructured gold with a crystalline framework [ Fig. 6(a) ]. Hydrogen tetrachloroauric acid (HAuCl 4 ) was introduced in the interstices among silica nanoparticles [denoted as Au(III)-CC composite] and it was reduced by using dimethylamine borane (DMAB). A direct replica of the colloidal crystal template [3DOm gold, Fig. 6(b) ] was obtained by rapid reduction of HAuCl 4 . Solid DMAB was mixed with the Because reduction of gold with DMAB likely proceeds by autocatalytic process, 97) the nucleation of gold on silica, which does not show catalytic activity for oxidation of DMAB, requires harder reaction conditions (e.g., strong reducing agents, high concentration of reducing agents, and high temperature) than the crystal growth. Due to the much higher concentration of DMAB, many nuclei should be generated within the interstices of the colloidal crystal template by the solid reduction, forming polycrystalline framework. In the case of the vapor reduction, the reaction between dilute DMAB vapor and HAuCl 4 should provide a small number of nuclei within the template, and most of the HAuCl 4 was consumed for the crystal growth by the autocatalytic reaction of DMAB.
The difference in the morphology and nanostructure is understood as follows. In the case of the vapor reduction, each gold nucleus gathers much more HAuCl 4 molecules than in the case of the solid reduction. The thickness of each gold crystallite tends to be much larger than that in the case of the solid reduction. The excessive growth of gold in the confined interstitial nanospace of the template causes strong strains to the template, and finally the colloidal crystal template slightly cleaves. Gold grows between the cleaved surfaces of the template to form a two-dimensional nanoplate. The textures of the cleaved surfaces of the template were imprinted on the surface of the nanoplate, and the nanoplate possesses periodically arranged dimples. Colloidal crystals can be regarded as flexible templates which can change their nanostructures by collective motion of components (cleavage), depending on experimental conditions. Such a flexibility of the replication process is quite different from the conventional processes, and it is expected to be a novel promising pathway to achieve diverse nanostructures.
Interestingly, the surface patterns of dimples on dimpled gold nanoplates are almost hexagonal, which suggests that the cleavage of the colloidal crystal with the fcc structure is almost selectively along the {111} planes. Therefore, the author and coworkers focused on colloidal crystals with different crystallographic structures prepared by combining silica nanoparticles with different sizes. 98) First, silica nanoparticles were prepared as a dispersion. The dispersion was separated into two portions. One was used as the smaller nanoparticles (denoted as B) and the other was used as a seed of regrowth process. In the regrowth process, the seed dispersion was added in the solution of H 2 O, L-lysine, and TEOS. TEOS was reacted completely for the growth of the seed particles (the grown silica nanoparticles are denoted as A). The number of the silica nanoparticles was not changed during the reaction. The number ratio of particles A and B could exactly be controlled simply by the volume ratio of their dispersions. The dispersions were mixed and evaporated at 80°C to obtain binary colloidal crystals.
The AB 2 and AB 13 binary colloidal crystals had AlB 2 -and NaZn 13 -type structures, respectively. Then, these binary colloidal crystals were used as templates of dimpled gold nanoplates. The AlB 2 -type binary colloidal crystal gave a dimpled gold nanoplate selectively with tetragonally arranged dimples, whereas the NaZn 13 -type binary colloidal crystal gave only disordered one (Fig. 7) . This difference is consistent with the tendency to form well-defined facets by cleavage. The colloidal crystals with the fcc and AlB 2 -type structures show various facets on crushed samples, though that with the NaZn 13 -type structure never shows facets.
The tetragonally arranged dimples on the dimpled gold nanoplate prepared by using the binary colloidal crystal with the AlB 2 -type structure correspond to the arrangement of silica nanoparticles on the {100} facets of the template. The selectivity of cleavage depends on the strength of bonds between the facets. Because of the deviation of particle sizes, it is difficult to estimate the strength exactly. However, a simplified parameter, the number of connections between silica nanoparticles per unit area, was well consistent with the selectivity of the surface pattern of the replicated dimpled gold nanoplates (Tables 1 and 2 ). The facet with the smallest number of connections per unit area was selectively replicated because the facet cleaves most favorably when strain due to the confined growth of gold increases. Accordingly, the structural change of colloidal crystals during the replication with gold is shown to be dependent on the periodic arrangement of silica nanoparticles. Such a role of the periodicity in nanostructured materials is quite rare, and the use of colloidal crystals as flexible materials is promising for further design of hierarchically porous materials.
Conclusions
The use of flexibilities in colloidal particles and their assemblies is quite effective for the structural control of hierarchically porous materials. Colloidal particles have morphological flexibility when they have low-dimensional structures. In the case that colloidal particles are rigid, their assembled structures can be changed, retaining their periodic structures. These characteristics of colloidal particles are important to avoid mismatches between nanostructures in different length scales. Moreover, naturally occurring clay minerals can be used as the low-dimensional colloidal particles. These ideas will contribute to cost-effective production of highly functional catalyst supports, separation media, electronic devices, etc.
The structural change of colloidal crystals during the templating processes is an interesting phenomenon, which enables the formation of unique nanostructures that can not be accessed by conventional techniques. I believe that the understanding of the flexibilities in various length scales will create a new field of inorganic materials chemistry. 
